ides and phospholipids are usually asymmetrical if they are branched or double tailed and the best-known examples of naturally found zwitterions 10 12 . Many researchers have contributed themselves on the study of asymmetrical structure-property relationships of surfactants at various interfaces 13 .
Based on this background, we have investigated the gemini surfactants with different types of head group surfactants as heterogeminis 14 . Since the synthesis of this type of different structural geometry are now being widely investigated as they are considered as potential surfactant molecule. The length of the two hydrocarbon tails, one of which is attached to the phosphate group is branched and of 8 carbon atoms and other is attached to the quaternary ammonium group varying between 12 to 16 carbon atoms. As expected, its unique structures allows for the design of the wide variety of gemini surfactants. Jaeger et al. in 1996 gives the first report on anionic and cationic headgroups based zwitterionic geminis 15 . This ideas was followed by Menger in 1999 Menger in , 2001 Menger in -2003 , who synthesized a great variety of anionic-cationic headgroups gemini surfactants 16, 22 24 . Afterwards another report on anionic-nonionic 17, 18 and nonionic-nonionic 14 have been illustrated. The potential of structure variability is simply enormous for zwitterionic gemini surfactants. These surfactants demonstrate lower critical micelle concentrations and surface tension, which are attributed to their structural variety.
In this paper, we report the synthesis and surface active properties of di-ester containing zwitterionic gemini surfactants, N, N-dimethyl-N-alkyl-2 hydroxy alkoxy phosphinyl oxy -alkylammonium, with different spacer labeled to as C8 --S-Cn , S 2 and 3, n 12, 14 and 16. The critical micelle concentration cmc and the effectiveness of surface tension reduction Π cmc were determined as a function of surfactant concentration by means of surface tension measurement as evident by Wilhelmy plate technique and micellization properties were also investigated by electrical conductivity and dye micellization. The basic focus of this work is to study the branching effect of hydrophobic tail attached to the phosphate group with the influence of spacer on the thermodynamic and viscosity properties of gemini surfactants.
EXPERIMENTAL SECTION 2.1 Materials and methods
Phosphoryl trichloride, triethylamine dry , ethane-1,2diol, propane-1,2-diol, benzene dry , 2-ethylhexan-1-ol, 2-propanol and all chemicals used in this study were of analytical reagent grade, procured from S. D. Fine Chemicals Limited, India and used without any further purification. 1-Dimethylamino dodecane ≥ 95 was obtained from Acros Organics, 1-Dimethylamino tetradecane ≥ 95 , 1-Dimethylamino hexadecane ≥ 95 were received from Sigma-Aldrich and used as received. Eosin-Y dye and standard KCl solutions were obtained from Thomas baker chemicals Pvt. Ltd, India. All of the surfactant solutions were prepared with ultrapure water produced by the Millipore Q3 system with a resistivity above 1.82 105 Ω m and the measurements were performed at 25 1 .
Synthesis
The zwitterionic gemini surfactants, referred to as C8 --S-Cn throughout the work, were prepared according to the previous procedures, shown in Fig. 1 , illustrated by Lucas et al. in 1950 and Edmundson et al. in 1962 20, 21 . This work was followed by Menger et al. in 2001 Menger et al. in -2003 22 24 . The synthesis was carried out in two steps as illustrated in scheme, the first step involves the synthesis of 2-alkoxy -2-oxo-1,3,2-dioxaphospholane and 2-alkoxy -2-oxo-4-methyl-l,3,2-dioxaphospholane cyclic alkyl phosphodiester and in the second step, quaternization of cyclic alkyl phosphodiester to obtain desired gemini surfactants. Fig. 1 The general route for synthesis of zwitterionic gemini surfactants, C8 --2-C12 + , N, N-dimethyl-N-ethyl-2hydroxy 2-Ethylhexyloxy phosphinyl oxy -dodecanammonium.
Tensiometric measurements
The equilibrium surface tension of surfactant solutions at an air-liquid interface were performed by Krüss tensiometer Model K100 MK2 as evidence by standard Wilhelmy platinum plate. Due to the adsorption of the surfactant on the surface of the plate, there was a fluctuation in reading measurements. To avoid this, the surface was cleaned properly after each measurement. The platinum plate surface was washed first with pure water, acetone, and burned to red hot under flame to remove the adsorbed surfactants completely. The temperature was maintained throughout the measurements within 25 0.01 by a digital thermostated bath. The cmc values were determined by noting distinct breaks from equilibrium surface tension γ as a function of the logarithm of concentration Log C plots for zwitterionic gemini surfactants in a aqueous solution at 25 .
The several adsorption physicochemical parameters were determined from the γ vs. Log C plots. The maximum surface excess concentration Γ max at air/water interface has been determined from Gibbs adsorption isotherm which was calculated from the slope of the γ vs. Log C plots when the concentration is reached plateau region. Minimum area per molecule a min was calculated by influence of Γ max and Avogadro s number. The Π cmc denotes the effectiveness of surface tension surface pressure and calculated by difference between the surface tension of pure water and the surfactant solution at cmc. The pC 20 values were calculated from the negative logarithm of the surfactant concentration required to reduce the surface tension of pure water by 20 mN/m. The Gibbs free energy of micellization ΔG mic and adsorption ΔG ads was calculated from the cmc and Γ max values; substituted in equations described in results and discussion.
Conductivity measurements
The conductivity measurements were carried out in the form of titrations by adding concentrated stock solution of surfactants in pure water over the whole mole fraction range, keeping the total surfactant concentration at least 10 times higher than the cmc of each component. The conductivity measurements were performed using a directreading Eutech Instruments conductivity meter Model PC 510 equipped with a dip cell cell constant 1 cm 1 . The conductivity cell was calibrated with standard KCl solutions. The cmc values were determined as a function of surfactants concentration by means of specific conductivity. These cmc graphs were useful in determine the self-aggregation and thermodynamic parameters for these di-ester based surfactants. The degree of counterion binding β was calculated from the degree of ionization α ; which is determined from the ratio of the slope above and below the indicative of cmc value.
Dye micellization
The double beam UV-Visible spectrophotometer Shimadzu-UV 1800 series was used to record the ultraviolet visible spectrums and absorbance with matched pair of cuvettes of 1 cm optical path length. The interaction of dye was studied by anionic Eosin-Y dye EY and the synthesized zwitterionic gemini surfactants. The EY dye shows shift in absorbance due to the presence of micelles. Plot of surfactant concentration versus the absorbance, at wavelength λmax 517 nm and fixed dye concentration 1 10 6 mol/L was used to study the micellization and binding of synthesized gemini surfactants. The surfactant solution 1 of about 5 mL was taken in a test tube. 0.1 N sodium hydroxide solution was added to it to turn the solution basic. 5 mL Chloroform was added to the solution, then bromophenol blue indicator 0.5 in ethanol: water; 2:3 was added per drops to the mixture. The mixture was shaken and two layers formed were separated from one another. The organic layer became blue, which indicated the existence of quaternary ammonium salt 19 .
Qualitative determination of quaternary ammonium salt

Differential scanning calorimetry
The melting temperature Tm of the newly synthesized zwitterionic gemini surfactants were studied using a differential scanning calorimeter DSCQ100 analyzer, T.A. Instrument, USA at a heating rate of 10 /min and a temperature of 40-250 .
Rheology measurements
The stress-controlled rotational rheometer, MCR 301 Anton Paar equipped with cone-plate geometries CP-50-2 of 50 mm diameter with 2 cone angle was used to perform viscosity measurements of the aqueous surfactant solutions at 25 . The aqueous solutions of surfactants were equilibrated at 25 before measurements for 1 h. The steady shear rate measurement gives the determined values of zero shear viscosity of the samples by viscosity generalization in shear rate curve to zero shear rate obtained from rheological measurements.
RESULTS AND DISCUSSION
Synthesis and Characterizations
In the ring opening reaction, the 2EhOP and 2EhOmP was reacted with 1-Dimethylamino dodecane or 1-Dimethylamino tetradecane or 1-Dimethylamino hexadecane to give the respective zwitterionic gemini amphiphiles as shown in Fig. 2 a . In the present work modified procedures was followed, that the COP was prepared in benzene and the last step of reaction was carried out in 2-propanol instead of the solvent as illustrated in procedure by Menger et al.. The second step as shown in Fig. 1 , quaternization reaction of 2EhOP and 2EhOmP with tertiary amine is a SN2 reaction in which the reaction solvent 2-propanol plays a remarkable role of good polarity and solubility of intermediate 25 . The yield of COmP would be lower if proper precautions were not taken and prepared according to the method described above. For COP, yield was only 84 possibly because of there was an excess of one reactant and when the reaction mixture was allowed to stand overnight and also make late in solvent removal was moreover critical, lower the yield by 20-30 . If there was in all these cases, large residue formed. The residue was relatively viscous, yellowish liquid from which a small amount of acute yellow coloured precipitate settled out after 24 h. The solid mass was removed by vacuum filtration system placed with Buchner funnel. The formation of geminis was confirmed by the qualitative determination as described in methods and they were shown the organic layer became blue, which indicated the existence of quaternary ammonium salt indicates the formation of geminis.
A FT-IR Shimadzu Model IRAffinity-1, Japan ATR was used to identify the functionality of zwitterionic gemini surfactants C8 --S-Cn . Figure 3 A and B depicted that the FT-IR spectra of six different types of zwitterionic gemini amphiphiles were very similar. The IR spectra of these gemini amphiphiles exhibited the phosphonyl stretch P O of ester in the range of 1241-1220 cm 1 . The bands of C-O stretching had been observed at the range of 1051-1044 cm 1 . As shown in Fig. 3 , in the range of 1368-1350 cm 1 showed stretching frequency for the directly attached carbon to the cationic nitrogen which indicates that the formation of desired geminis. The chemical structures of zwitterionic gemini surfactants and cyclic phosphodiester has been further investigated by 1 H NMR, 13 C NMR and 31 P NMR studies. The 1 H NMR spectra of cyclic phosphodiester and the surfactants are shown in Supporting Information. The chemical shifts for spacer unit protons in the functionality between diester group was observed as a singlet at δ 3.97 and 4.01 ppm for zwitterionic gemini surfactants C8 -2-C14 and C8 -3-C16
respectively. The characteristic resonance signal obtained between δ 3.08 -2.83 ppm could be attributed to protons directly attached to cationic nitrogen which are part of hydrophobic tail for the zwitterionic geminis. The signals obtained as a multiplet between δ 3.41-3.29 ppm corresponded to the respective adjacent quaternary carbon. The terminal methyl protons in both hydrophobic tails were confirmed by a peak triplet at δ 0.9 ppm. The sharp signals obtained as multiplet in-between δ 1.36 -1.19 ppm could be attributed to the methylene protons of aliphatic chains for zwitterionic gemini surfactants. The characteristic resonance signal for proton at branched aliphatic chain, which is part of anionic phosphate group, was observed between δ 1.77 -1.62 ppm for gemini surfactants. The characteristic resonance signal for the phosphorous peak of C8 -2-C16 and C8 -3-C16 appeared as sharp and symmetric peak at δ -0.420 and -0.554 respectively which were confirms the purity of products.
The 13 C NMR spectra of C8 -2-C16 and C8 -3-C16 gemini surfactants are shown in Supporting Information as representative spectra. The 13 C NMR spectra shows the sharp peak appear at 14 ppm towards higher field nearer to TMS Tetramethylsilane correspond to the saturated sp 3 hybridized carbon atoms. The peak at 58.11 ppm corresponded to the sp 3 hybridized carbon atom attached to quaternary nitrogen. The absorption at 42.83 ppm corresponded to the sp 3 hybridized full substituted carbon atom at branching of hydrophobic chain. The absorption at 76.88 and 77.25 ppm corresponded to the carbon atom attached to electronegative oxygen atom which shifts the absorption towards down field. The 31 P NMR spectra of C8 -2-C16 and C8 -3-C16 gemini surfactants are shown in Supporting Information as representative spectra.
The representative 1 H NMR characteristic spectral data are as follows:
2-2-Ethylhexyloxy -2-oxo-4-methyl-l, 3, 2-dioxaphos- The formation of zwitterionic gemini surfactants has further been established by ESI-MS positive ion mass spectroscopy. As shown in Fig. S9 see in Supporting Information , the mass-to-charge ratios for peak observed at m/ z 156 may be attributed to the newly synthesized 2-Chloro-2-oxo-4-methyl-l,3,2-dioxaphospholane COmP formed by the esterification as depicted in Fig. 1 . In addition to this ion peak, the fragment mass ion peak assigned to m/z 138.83 was also observed. Figure S10 shows molecular ion peak at m/z 451 assigned to the structure of gemini amphiphile 3a surfactant. The other fragments having mass ion peak at m/z 213, 322, 430 were also observed in mass spectrum. The mass ion peak at m/z 479 observed in Fig. S11 may be assigned to the structure of 3b zwitterionic amphiphile. In addition to this ion peak, the other prominent ions m/z 242, 354, 383 were also observed in the mass spectra of 3b zwitterionic gemini amphiphile.
Surface activity of zwitterionic amphiphiles
The surface properties of zwitterionic gemini amphiphiles have been investigated as evidence by standard Wilhelmy platinum plate. The cmc values were determined as a function of surfactant concentration by means of surface tension measurement at an air-liquid interface by noting the inflection in the surface tension values. Figure 4 shows the equilibrium surface tension γ as a function of the logarithm of concentration Log C plots for zwitterionic gemini surfactants in a aqueous solution at 25 . As shown in Fig.  4 , the surface tension is decreased initially with increasing concentration of zwitterionic gemini surfactants and then surface tension reached a platue after the increased concentration, indicating distinct breaks to the point on the curve at which a sharp change of the slope occurs corresponds to the cmc. The surface parameters obtained from equilibrium surface tension measurements at an air-liquid interface are summarized in Table 1 . The cmc values of these zwitterionic gemini surfactants were found to be depending on the nature of spacer moiety influences of methyl group on spacer , the quaternary counterpart and the polarity of the headgroup considerably influences the cmc values of these gemini surfactants.
The zwitterionic gemini surfactants: 3a, 3b, and 3c have shown the typical inclination of a cmc decreased with increasing tail length, but there is smaller effect of increasing tail length than desired see Table 1 . This similar effect was also reported by Menger 24 for the smaller effect of a decreasing cmc with increasing effective chain length. The cmc values of these gemini surfactants decrease as C8 -
. In other words, as the hydrophobic chain length increases from 12 to 16 at the cationic moiety, the cmc decreases for 3a, 3b, and 3c surfactants. Similarly, the branched analogue reported by Menger 24 where one linear chain with a carbon number of 9, 10 or 12. The effect of decreasing cmc was also observed in the 4a, 4b, and 4c amphiphiles having branched spacer i.e. influence of methyl group on spacer. The cmc values of these branching amphiphiles decreases in order as C8 -
. As shown in Table 1 , the effect of influence of methyl group on spacer of these amphiphiles on the cmc is remarkable as compared with the linear chain length analogue i.e. C8L --2-C12 and C8L --2-C14 and branched zwitterionic gemini surfactants reported earlier by Menger 23, 24 . This linear and branched counterpart has much higher values of both cmc and γ cmc . Comparing the Menger s zwitterionic analogue 16, 23, 24 with present branched spacer zwitterionic counterparts, shows that the former exhibits a cmc twenty times higher than the cmc of the latter see Table 1 . It is interesting to note that the zwitterionic gemini surfactant: C8 --2-C12 closely resemble its structural analogue C8 --3-C12
; a branching amphiphile having branched spacer in-between two non identical headgroups with a difference, as the former is an ethylene spacer and latter is influence of methyl group on spacer as compared with Manger s zwitterionic amphiphiles . However the cmc values of these surfactants considerably differ from one another as the cmc of C8 --3-C12
is lower compared to C8 --2-C12 . As compared with the cmc of linear and branched amphiphiles, reported previously by Menger and coworkers et al. 16, 23, 24 , has higher cmc than present synthesized branched zwitterionic gemini amhiphiles. This indicates that the branched hydrophobic tail and an impact of methyl group on spacer consisting amphiphiles had great efficiency in lowering cmc and γ cmc , which is one of the remarkable key properties of zwitterionic gemini surfactants in aqueous medium, which could enable the reduction of surfactant consumption in waterborne chemical products. This shows that influence of methyl group on spacer and chain branching brings about a decrease in cmc and γ cmc , a result that is not necessarily to be expected. As depicted in Table 1 , all zwitterionic gemini surfactants decreases the surface tension to a great extent which is solely attributed to a tighter packing of the longer hydrophobic chains at air/water interface 25, 26 .
As shown in Fig. 4 , the surface activity of zwitterionic gemini amphiphiles was determined by the plot of equilibrium surface tension inflection reached a final plateau, versus logarithmic concentrations indicating well defined cmc and γ cmc . The several adsorption physicochemical parameters were determined from the γ vs. Log C plots Fig.  4 for the contrast to the parameters reported. By applying Gibbs adsorption law to the equilibrium surface tensions allows the calculation of adsorption parameters at air/water interface. According to the Gibbs adsorption isotherm 27 , maximum surface excess concentration Γ max at air/water interface has been determined from equation 1 .
where γ is the surface tension in mN/m, Γ max is the adsorbed amount of surfactant per unit area at the air/water interface after complete monolayer formation and Γ max is given in units of mol/cm 2 , T is absolute temperature K, R is the gas constant R 8.314 J mol 1 K 1 , and C is the surfactant concentration. The value of n, the number of adsorption species i.e. ionic species at the air/water interface, whose concentration changes with surfactant concentration at the interface taken as unity for zwitterionic gemini surfactants. These gemini amphiphiles contains no counterions can, therefore, be considered as neutral molecule, which lead to n 1. Γ max was calculated from the slope of the surface tension versus logarithmic concentration plots when the concentration is reached plateau region. Increasing the accumulation of surfactant molecules at the air/ water interface indicates the repulsion in the bulk of the solution between surfactant and water which moves the surfactants molecule to the air/water interface. The minimum area occupied per surfactant molecule at the air/water interface a min can be estimated by using following equation:
where N A is Avogadro s number and a min is given in units of Å 2 The calculated area occupied by the surfactants molecule at air/water interface a min was greatly influenced by the tail length. The typical pattern shows that a min values increases with increasing the hydrophobic tail length at interface. As shown in Table 1 , the increased hydrophobic tail lengths of the zwitterionic gemini molecules influence the adsorption, the Γ max decreases and consequently a min increases.
Comparing the zwitterionic gemini surfactants 4a, 4b, and 4c having influence of methyl group on spacer moiety had lower a min values than 3a, 3b, and 3c surfactants and reported Menger s Zwitterionic geminis 16, 23, 24 having linear spacer reported in Table 1 . Lower a min values of 4a, 4b, and 4c indicated greater tendency to form micelles rather than adsorbing at air/water interface contrasting the 3a, 3b, and 3c gemini surfactants. The a min values of 3a, 3b, and 3c surfactants increases with increasing hydrophobic tail length. In the newly synthesized 4a, 4b, and 4c surfactants i.e. influence of methyl group on spacer moiety, an unusual pattern of a min values was demonstrated, decrease in a min values with increase in tail length. It can be because of the 4a, 4b, and 4c having anionic and cationic hydrophilic heads connected with the branched spacer differ from 3a, 3b, and 3c surfactants and Menger s reported zwitterionic geminis 16, 23, 24 . This is compatible with the expectation that the spacer moiety would have a more considerable effect on the hydrophilic group area for gemini surfactants with longer spacer groups, which are known to become adsorbed into the micellar core. Unlike the synthesized bispyridinium gemini surfactants reported by Fisicaro et al., amin values of these surfactants increases with increasing spacer length 28, 29 . Such a pattern of increase in a min values with increasing spacer length was also observed by Menger et al. 22 for linear chain length zwitterionic gemini analogues and Zana et al. 30 for gemini quaternary ammonium surfactants. The prime factor responsible for the deviation of a min values with spacer is the balance attractive interactions between tails and repulsive interactions between heads suggested by a theoretical model 31, 32 .
We further estimated the efficiency of surface tension reduction pC 20 . The pC 20 values were calculated from the negative logarithm of the surfactant concentration required to reduce the surface tension of pure water by 20 mN/m and also measured from the γ vs. Log C plots. It was clearly indicated that the increase in chain length at hydrophobic counterparts resulted in lower cmc and lager pC 20 values. Lager values of pC 20 attributed to greater tendency of the surfactants to adsorb at air/water interface relative to its tendency to form micelles. As concluded from a min values, similar effect was also exhibited by the pC 20 values that the newly synthesized 4a, 4b, and 4c surfactants have greater tendency to form micelles as compared with the gemini surfactants 3a, 3b, and 3c and Menger s reported zwitterionic geminis 16, 23, 24 , because of the unusual pattern of pC 20 values being observed see Table 1 . Figure 5 show the plot of Log C 20 -pC 20 values versus n Carbon number 12 or 14 or 16 for the zwitterionic gemini surfactant with spacer value S 2 or 3. For S 2; 3a, 3b, and 3c surfactants, the Log C 20 value decreased steadily as n increased at cationic counterpart, whereas, for S 3; 4a, 4b, and 4c surfactants, Log C 20 value increased in small change as n increased at n 14 and more effectively increased at n 14 .The deviation when S 3 for the longer chain compound was the result of the decrease in monomer activity upon premicellar aggregation of the geminis 33 .
The Gibbs free energy of micellization ΔG mic and adsorption ΔG ads was calculated with the following equations 34 :
where X cmc is the molar fraction of cmc, X cmc cmc/55.4, where the cmc is in mol/L and 55.4 is the molar concentration of water i.e. 1 L of water corresponding to 55.4 moles of water at 25 . In equation 4 Π cmc denotes the effectiveness of surface tension surface pressure at cmc, Π cmc was determined by following equation 5
Π cmc γ 0 γ cmc 20nRTΓ max ln cmc/C 20 5 where the γ 0 and γ cmc are the surface tension of pure water and the surfactant solution at cmc respectively. The γ cmc values of surfactants reflected their cmc/C 20 ratio according to equation 5 . Here, the cmc/C 20 ratio is a measure of the tendency to form micelles relative to the tendency to adsorb at the air/water interface see Table 2 . Lager the value of cmc/C 20 ratio greater is the tendency of the surfactant to adsorb at air/water interface, relative to its tendency to form micelles 27 . The adsorption and aggregation properties of surfactants are estimated many times from the pC 20 and cmc/C 20 ratio values. That can be correlated to structural factors regarding the adsorption and micellization processes, respectively. We have noticed that the zwitterionic gemini surfactants: 4a, 4b, 4c has lower cmc/C 20 ratio compared to gemini amphiphiles: 3a, 3b, 3c. This was indicating that the nature of the headgroup and addition of methyl group on spacer moiety influences the aggregation behavior of the surfactants in aqueous solution.
The negative Gibbs free energy of micellization ΔG mic and adsorption ΔG ads for synthesized zwitterionic gemini surfactants indicates the processes are spontaneous. As shown in Table 2 , the value of ΔG ads is more negative than ΔG mic which is evident of the adsorption tendency of an individual surfactant being greater than the micellization at air/water interface is attributed to the adsorption deals with thermodynamic characteristics of surfactant molecule at interface. In other words, the hydrophobicity of the molecules projects them towards the air/water interface and micellization took place after surface adsorption 30 . In our study, the smaller energy gap between ΔG mic and ΔG ads in the individual zwitterionic gemini surfactant indicated greater tendency to aggregate in solution rather than adsorbing at the air/water interface. We observed the direct relation between the a min value and the free energy gap, that smaller calculated a min value is proportional to the smaller free energy gap of individual surfactant for zwitterionic gemini surfactants 35 see in Table 2 . 
Conductivity measurements
The surface and thermodynamics parameters of the zwitterionic gemini surfactants have also been evaluated by investigating the variation in conductivity of the respective surfactant in aqueous solution at various concentrations. The investigated cmc values were in good agreement and have been followed similar trend with those determined by surface tension measurements. The cmc values of these newly synthesized di-ester containing gemini surfactants are comparable to other heterogemini surfactants having a great variety of anionic-cationic, anionic-nonionic, nonionic-nonionic gemini surfactants as well as conventional quaternary gemini surfactants and these gemini surfactants are equivalently good as other recently developed zwitterionic gemini surfactants 14 18 . However the basic focus of this work is to study the branching effect of hydrophobic tail attached to the phosphate group with varying spacer and tail attached to quaternary nitrogen entities on self-aggregation and thermodynamic properties, which has hardly ever been investigated. The specific conductivity values of these newly synthesized gemini surfactants are displayed as a function of molar concentration in aqueous solutions investigated at 25 Fig. 6 . These were useful in figure out the self-aggregation and thermodynamic parameters for these new di-ester based surfactants having non identical headgroups Table 3 . We have observed that the nature of the headgroup and spacer moiety influences the aggregation behavior of the surfactants in aqueous so- where α is the degree of ionization and which is determined from the ratio of the slope above and below the indicative of cmc value. Recent studies shows that the calculated β values of gemini amphiphiles are do not follow any particular trend and are frequently independent on a structural difference between surfactants i.e. nature of counterions, hydrophobic tail length and change in spacer moiety 14 18 . The calculated β values for the zwitterionic gemini surfactants represent the counter ions that are present in the Stern layer of the micelles to counterbalance the electrostatic force that opposes micelle formation.
Since the aggregation of monomers solely depend on the hydrophobic van der Waals interactions, headgroups repulsion, the hydrophobic hydration, and the linked spacer moiety energies but not only on electrostatic force. Therefore, the β values deduced from the degree of ionization are helpful in calculating the thermodynamic properties of the surfactants. From Table 3 , we have noticed that the β values of the zwitterionic gemini amphiphiles with C12 hydrophobic alkyl chains are slightly less than those with C14 hydrophobic alkyl chains at the identical spacer group length. Moreover, the determined β value decreases with the shortening of the spacer unit length. These consequences should be mainly attributed to the change of surface charge density of the micelles. The di-ester based zwitterionic gemini surfactants having two non identical head groups are connected covalently and are packed more closely through a shorter spacer moiety, which bring the charge density to increase 36 . Accordingly, the degree of dissociation β is reduced appreciably as a consequence of the electrostatic interactions between surfactant ions and counter ions are improved. Therefore, the contributions arising from the change in hydrophobic group have very little impact on the determined parameter. However when compared to the branched spacer analogue of these zwitterionic gemini surfactants i.e. 4a, 4b, 4c, determined β values shows a change may be due to involvement occurring from linear spacer moiety which is typically different from branched spacer analogue.
The standard Gibbs free energy for micellization ΔG mic can be calculated from specific conductivity data followed by equation 7
where β is the degree of counterions binding to micelles and X cmc is the molar fraction of cmc described earlier. The ΔG mic represents the work done to transfer the monomeric form of surfactants from the air-water interface to the micellar phase in the bulk solution. The micellization of di-ester containing zwitterionic gemini surfactants is a spontaneous process at the deliberated ΔG mic values are negative. We have noticed that the determined thermodynamic parameter has slight dependence on the nature of branched hydrophobic tail and spacer unit. The standard Gibbs free energy for micellization does not considerably change with the change in hydrophobic alkyl chain length and spacer moiety. However, the zwitterionic amphiphiles with ethylene spacer moiety has entirely lower ΔG mic value compared to its branched analogues. The Gibbs free energy of adsorption ΔG ads indicates the free energy to transfer surfactants in solution to the airwater interface and is calculated by equation 4 , which is described earlier. Here we have observed that the ΔG ads for these zwitterionic gemini surfactants depends on the nature of the hydrophobic alkyl chain length and spacer unit and its absolute value generally decreases as in linear spacer analogue: C8 --2-C16 C8 --2-C14 C8 --2-C12 and in branched analogue: C8 --3-C12 C8 --3-C14 C8 --3-C16 . The linear spacer analogue: C8 --2-C16 has the lowest negative value of ΔG ads signifying that this surfactant has the greater tendency to adsorb at the air-water interface followed by the gemini amphiphiles: C8 --2-C14 , C8 --3-C12 . It has been observed that the branched spacer analogue have a lower ΔG ads value compared to its linear one and the values also depend on the nature of spacer moiety and the quaternary counterpart hydrophobic chain length.
Dye micellization
The visible absorption spectrum of EY in aqueous solution appears at 517 nm represented as λ max . The binding effect of anionic Eosin-Y dye structure shown in Fig. 2 with the synthesized zwitterionic gemini surfactant aggregates in aqueous solution was investigated by UV-Visible spectroscopy at wavelength λ max 517 nm of the EY dye. A stock solution of EY 1 μmol/L was used to perform experimental work and stored in dark at 4 . All the stock solutions were used within a week of preparation. This fixed concentration is sufficiently low that to have no aggregation of dye. The molar absorptivity ε 0 of EY dye at wavelength of 517 nm was calculated as 8.9 10 4 M 1 .cm 1 at 25 with correlation R 2 0.998 indicates that the EY dye concentration was obeyed the Beer-Lambert Law at various ranges of benefits. The binding effect of dye and surfactants aggregates was investigated by recording the absorption spectra at different surfactants concentrations varied from 1.0 10 6 to 1.0 10 3 mol/L. Figure 7 describes the changes in absorbance values of EY dye with the concentrations of zwitterionic gemini surfactants.
The interaction of EY dye and the surfactant aggregates causes the deviation in absorption spectrum depending on surfactants concentration. Initially, the absorbance value of EY at 517 nm is decreased with the progressive addition of surfactant concentration reached a minimum value which is considered as optimum concentration value for respective surfactants. After then, it starts to increase again with further increase in surfactant concentration. Finally, the absorbance value of EY dye attained maximum than that of dye solution without surfactant and there was increase in absorbance value which attained maximum λ max value of dye solution. The shifting of λ max value of fixed concentration of EY dye with varying concentrations of 3b surfactant are shown in Fig. 8 as a representative plot, because same pattern have been observed in other zwitterionic gemini surfactants. The λ max values are summarized in Table 4 . The obtained optimum concentration: 1, 0.04 and 0.01 mM respectively for linear spacer analogue and 0.4, 0.04 and 0.01 mM respectively for branched spacer analogue as depicted in Fig. 7 . The decrease in values of absorbance of EY dye can be assumed due to complex formation between dye and surfactants.
The hydrophobic tail length of the zwitterionic gemini surfactants affects the micelles. For instance, cmc increased with decrease in tail length, and the decrease in micelle dissociation was resulted into the thickness of stern layer. Thus Stern layers are more ionic in comparison with their respective lower hydrophobic tail counterparts 37 . In linear spacer series change in absorbance was higher for C8 --2-C16 surfactant solution that contains maximum hydrophobic alkyl chain length than the others. Similar effect was also observed in branched series that the C8 --3-C16 has largest change in absorbance than other analogue. Thus we can conclude that the complex formation tendency of dye and surfactant increases with increasing hydrophobic tail chain length of surfactants 38 . This behavior of surfactants is attributed to obey the Traube s rule 39 . The interaction of dye molecule and surfactants aggregate become stronger with increase in alkyl chain length of surfactants, which demonstrate the importance of hydrophobic forces 40 . The complex formation of the EY dye and zwitterionic gemini surfactants is a consequence of mutual influences of electrostatic and hydrophobic interactions. In aqueous solution they dissociate into ions and therefore van der Waals interactions can emerge between adjacent surfactants head groups and carboxylate group of EY dye. The negative charge of carboxylate group of dye is delocalized and distributed over the terminal carboxylate group and the hydrophobic aromatic ring; thus the positive charged quaternary end of the surfactants will tend to interact electrostatically on which the charge is localized. The carboxylate group of dye will therefore be covered deeper in the micelle Stern layer leading to moderated electrostatic interaction between the charged surfactants head groups and carboxylate groups of EY dye.
The maximum absorbance value at increasing surfactant concentrations attributed to increase in the amount of the dye molecules which are taken up in the micelles 41 . As shown in Fig. 8 , the absorbance and the value of λ max reached the maximum value with further increase in surfactants concentration above micellar region attributed that all EY dye molecules are characterized by dividing into Fig. 7 The binding effect of zwitterionic gemini surfactants concentration on the absorbance value of EY at 517 nm.
micelles and no change observed with further addition of surfactants. The wavelength of maximum absorbance was used for the calculating the molar electronic transition energies E T of EY in each one of the zwitterionic gemini surfactants used. The E T values were obtained from equation 8:
where h is the Planck constant, c is the vacuum light velocity. The E T values expressed as kJ/mol and summarized in Table 4 . The differences between E T values for EY in water and in the zwitterionic gemini surfactants revealed the variation in energy in the transfer process from water to micellar phase. Such E T values differences were always negative and attributed to the EY dye solubilizes better in micellar solution than in water.
Differential scanning calorimetry
The thermal characteristics of zwitterionic gemini surfactants were evaluated using melting temperature Tm measurements. The Tm of the zwitterionic gemini surfactants for linear spacer series C8 --2-C12 , C8 - , C8 --3-C14 , and C8 --3-C16 were observed at 224. 11 , 197.83 , 197 .49 , respectively. No pronounced effect of spacer moiety and the two non identical head groups on Tm of zwitterionic gemini surfactants were observed.
Rheology measurements
Rheological measurement viscosity η vs. shear-rate S 1 was performed for the aqueous surfactant solutions of the zwitterionic gemini surfactants at fixed concentration i.e.1 mM at 25 and the results of the experiments is shown in Fig. 9 . The surfactants properties were affected by its chemical structures with varying hydrophobic alkyl tail length which causes variations in micellar structures. Figure 9 shows the relation between the steady state viscosities of solutions of zwitterionic gemini surfactants with varying tail length and a shearing rate at 25 independently. Figure 9 indicates that the steady state viscosities of all gemini surfactants increased with increasing shear rate, exhibiting the quality of dilatants fluids 42 . The steady state viscosities of all synthesized surfactants, with different tail length i.e. 12 to 16 carbon number, increases with increasing shear rate attributed to shear thickening is observed at an increased critical shear rate of 2000 s 1 . As described earlier cmc of the zwitterionic gemini surfactants decreases with increasing tail length. At the lower cmc, all gemini surfactant solutions result in maximum linear micelles which are formed at the same concentration. These linear micelles denote the effect of steady state shearing stress. These micelles are transformed into entangled form, and consequently, viscosity increases as the shear rate increases than the critical value attributed to all aqueous solutions that show a low shear Newtonian plateau.
The effect of hydrophobic tail length on the contrast in zero shear viscosity η 0 , i.e., no change in viscosity at low shear rates is depicted in Fig. 10 . The zero shear viscosity increases sharply with increasing tail length to 14 carbon number at cationic counterpart of gemini amphiphiles consisting of ethylene spacer S 2 . The initial viscosity of the aqueous solution is 2 fold lower than that of the maximum viscosity at carbon number 14 in both the newly synthesized gemini surfactants with varying spacer S 2 or 3. This increase in viscosity indicates the growth of micelles to long, entangled form of micelles 41 . As depicted in Fig. 10 , it is noticeable that the zero shear viscosity is minor increases in case of S 2 and drop is observed in case of S 3, which may be due to the distinct micellar structural interactions and connections attributed to the conversion from linear to entangled form 43 .
CONCLUSIONS
An exclusively new series of zwitterionic gemini surfac- tants consisting two non-identical polar heads, one negatively charged phosphodiester anion and one positively charged an ammonium cation with varying spacer have been synthesized and characterized using different spectroscopic techniques. We have noticed that both the micellization and the viscosity properties of these zwitterionic gemini surfactants are influenced by the nature of the hydrophobic alkyl chain length and influence of methyl group on spacer unit. The newly synthesized gemini surfactants had great efficiency in lowering the air/water interface, good water solubility and low cmc values. The surface parameters i.e.γ cmc , Γ max , a min , Å 2 , Π cmc , pC 20 along with the cmc values of these zwitterionic gemini surfactants considerably differ from one another depending on the type of spacer moiety and the hydrophobic alkyl chain length. Furthermore, the thermodynamic parameters were also significantly impacted by the nature of the spacer unit and hydrophobic alkyl chain length. The steady state viscosities of all gemini surfactants increased with increasing shear rate, which exhibiting the quality of dilatants fluids attributed to shear thickening. Drop in zero shear viscosities of newly synthesized surfactants of propylene spacer indicating micelles structure conversion from linear to entangled form. The interaction of EY dye and surfactants is very conspicuous and performed by dye micellization. This observation may be of practical interest for the zwitterionic gemini surfactants. All synthesized surfactants with branched tail and influence of methyl group on spacer unit are demonstrating improved performance over linear analogues in terms of micellization. Our results show that the physicochemical properties of the zwitterionic geminis can be varied by not only the change in the hydrophobic tail but also depend on the nature of spacer moiety and headgroups.
